Electrical and optical properties of p-type CuFe1-xSnxO2 (x = 0.03, 0.05) delafossite-oxide J. Appl. Phys. 113, 023103 (2013) Stoichiometry dependence of resistance drift phenomena in amorphous GeSnTe phase-change alloys J. Appl. Phys. 113, 023704 (2013) Negative refraction and subwavelength imaging in a hexagonal two-dimensional annular photonic crystal J. Appl. Phys. 113, 013109 (2013) The vibrational spectrum of CaCO3 aragonite: A combined experimental and quantum-mechanical investigation J. Chem. Phys. 138, 014201 (2013) Additional information on J. Appl. Phys. Analysis of the optical properties of bulk Cu͑In 1−x Ga x ͒ 3 Se 5 mixed crystals synthesized from the elements as a function of the Ga content is presented. Measurements of the complex dielectric function ͑͒ = 1 ͑͒ + i 2 ͑͒ were performed at room temperature in the photon energy range of 0.8-4.7 eV using a variable angle of incidence ellipsometer. The spectral dependence of the complex refractive index, the absorption coefficient, and the normal-incidence reflectivity were also derived. The structure observed in the dielectric functions attributed to the interband transitions E 0 , E 1A , and E 1B has been modeled using a modification of the Adachi's model. The results are in excellent agreement with the experimental data over the entire range of photon energies. The model parameters, including the energies corresponding to the lowest direct gap and higher critical points, have been determined using the simulated annealing algorithm. The values of E 0 and E 1A are found to increase linearly with the increasing Ga content.
I. INTRODUCTION
Polycrystalline thin-film solar cells based on CuInSe 2 and related materials are among the most promising candidates for terrestrial applications of photovoltaic energy generation. Devices based on CuIn 1−x Ga x Se 2 have demonstrated efficiencies up to 19.9%. 1 Several studies showed the existence of an ordered-defect-compound ͑ODC͒ surface layer ͑CuIn 3 Se 5 ͒ onto the CuInSe 2 absorber in some high efficiency thin film cells. A similar ODC surface layer is expected to improve the efficiency of the CuIn 1−x Ga x Se 2 -based solar cells. [2] [3] [4] Therefore, a detailed study of the physical properties of ODCs is important to have a better understanding of device operation and further improvement of solar cell performance. However, so far the characteristics of ODCs, especially ODCs solid solutions, have not yet been well determined. Only absorption coefficients were determined for Cu͑In 1−x Ga x ͒ 3 Se 5 ͑Refs. 4 and 5͒ and Cu͑In 1−x Ga x ͒ 2 Se .3.5 ͑Ref. 6͒ thin film alloys by optical transmission data, and the band gap values E g were estimated.
Spectroscopic ellipsometry ͑SE͒ is a high-precision optical technique used to study the optical and electronic properties of semiconductors. Over a wide energy range SE permits to determine their dielectric functions, which are directly related to the electronic energy-band structure of the material studied. In this work, we have measured the ellipsometric spectra of several Cu͑In 1−x Ga x ͒ 3 Se 5 polycrystalline alloys at room temperature in the 0.8-4.7 eV energy range. The modeling of their dielectric functions and optical constants has been performed, and the values for interband transition energies as well as their dependence on composition as a function of the Ga content ͑x͒ have been obtained.
II. EXPERIMENTAL METHODS AND ANALYSIS METHODOLOGY
The Cu͑In 1−x Ga x ͒ 3 Se 5 crystals were synthesized from the individual elements with 99.9999% purity in a vacuum sealed quartz tube. This ampoule was introduced in a rocking horizontal furnace that was gently heated to 1100°C avoiding overpressures and cooled slowly at the rate of 5 -10°C / h. The energy dispersive x-ray ͑EDAX͒ microanalysis was used to measure the composition of the samples. The results of such analysis have been gathered in Table I The optical measurements were performed with a variable-angle spectroscopic ellipsometer at room temperature, in the photon energy range from 0.8 to 4.7eV, and at two incidence angles, ⌽ = 60°and ⌽ = 70°. 7 In order to re- move undesired overlayers formed on the surface, the samples were specially prepared as described in Ref. 10 , and hence, a two phase model ͑atmosphere-sample͒ was used to analyze the ellipsometry spectra. 10, 11 The complex dielectric functions have been determined following Eq. 1 of Ref. 9 .
The features observed in the complex dielectric function spectra = ͑ប͒ have been described in terms of the interband transitions using a modified Adachi's model. This model combines the merits of the standard critical point ͑CP͒ and damped harmonic oscillator models 12 and has been successfully applied to model the dielectric functions of several III-V, I-III-VI 2 , and ODC compounds, as well as their optical constants. [7] [8] [9] [10] [12] [13] [14] [15] [16] The modified Adachi model has been extensively explained in our previous work in Ref. 7 . In this model the complex dielectric function is described by the sum of two terms 0 ͑E͒ and 1 ͑E͒, corresponding, respectively, to the one-electron contributions at the E 0␣ and E 1␤ CPs, where ␣ = ␣, b, c refers to the triple valence band splitting level in chalcopyrites and ␤ = A, B refers to different energy transitions after the main one. It is worth mentioning that in our case, splitting among the E 0 CPs is not observed and they have been treated as a single degenerate point.
In order to obtain the model parameters, the simulated annealing ͑SA͒ algorithm has been used [15] [16] [17] through the minimization of the following objective function:
respectively, the experimental and calculated values of the real and imaginary parts of complex dielectric function at i point, and the summation is performed over the available range of experimental points. Such model has also shown good agreement with the experimental data for III-V materials and ODC compounds. [7] [8] [9] [13] [14] [15] [16] 
III. RESULTS AND DISCUSSIONS
The experimental pseudodielectric functions ͑͒ = 1 ͑͒ + i 2 ͑͒ of the samples IG1, IG2, and IG3 are presented in Fig. 2 . The spectra corresponding to the ternary end compounds are also plotted. The line shapes of 1 ͑͒ and 2 ͑͒ in all our samples are dominated by two distinct peaks. In the spectral range under consideration, the line shape of the dielectric function is determined by the electronic band structure, and the observed structures usually correspond to transitions at high-symmetry points or lines in the Brillouin zone. These CPs are characterized by a high joint density of states combined with nonvanishing transition matrix elements. The dielectric function is considered as a sum of the contributions from all allowed transitions at CPs. 18, 19 The Adachi model was applied to calculate the dielectric function as well as the optical constants of the studied crystals. The resulting analytical lines in Fig. 3 have been obtained from the fits of the experimental data considering 3D-type CPs in the lowest energy region E 0 and 2D type in the intermediate and high energy region E 1 . The A, B, E, and ͑͒ experimental data has been observed for all studied samples. The fit with the adjustable parameters given in Table II is shown in Fig. 3 . As an indication of the accuracy with respect to the experimental values, the relative errors have been calculated, lying in the 2%-2.9% and 3.2%-5.7% ranges for the real and the imaginary parts, respectively ͑Table II͒.
Band structure calculations are not available for Cu͑In 1−x Ga x ͒ 3 Se 5 ; however, the structure of the fundamental absorption edge of chalcopyrites is well understood. 20 These crystals are semiconductors with a direct fundamental gap at the Brillouin-zone center ⌫. Based on the band structure calculations from Jaffe and Zunger 21 for the ternary end compounds and relating the observed transitions to those of the binary zinc-blend analogs, the main transitions that contribute to ͑͒ could be assigned to CPs at the Brillouin-zone center ⌫ and edge points N and T. The labeling of these transitions is described in Ref. 22 and is related to the standard zinc-blend notation.
The band structure calculations obtained for CuInSe 2 ͑CIS͒ and CuGaSe 2 ͑CGS͒ ͑Ref. 20͒ have also been used to identify the energy values observed in Cu͑In 1−x Ga x ͒ 3 Se 5 . The energy threshold of the fundamental absorption edge E 0 = E g , well identified in the spectra of studied materials ͑Figs. 2 and 3͒, can be related to an electronic transition at the ⌫ point. The estimated values of E g at room temperature, 1.47 eV͑x = 0.39͒, 1.4 eV͑x = 0.41͒, and 1.64 eV͑x = 0.69͒ for the samples belonging to the Cu͑In 1−x Ga x ͒ 3 Se 5 solid solutions, are in the range between those previously determined for the two ternary end compounds, CuIn 3 Se 5 ͑Ref. 9͒ and CuGa 3 Se 5 . 7, 8 Besides, these values are in an excellent agreement with those reported for Cu͑In 1−x Ga x ͒ 3 Se 5 ͑Ref. 5͒ and Cu͑In 1−x Ga x ͒ 2 Se 3.5 ͑Ref. 6͒ films with the same content of Ga ͑value of x͒, as shown in Fig. 4 .
In the region between 2.5-4.5 eV, two transitions, named as E 1A and E 1B , have also been observed. We have assumed that they can be related to N-type transitions after Refs. 10 and 22, where ellipsometric data for CIS and CGS compounds were analyzed. The measured energy separation between these two transitions corresponds to the crystal-field splitting of the valence band at the N point in the Brillouin zone. In the present work, the crystal-field splitting at the N point was found to lie between 1.5-1.7 eV, close to that ͑1.3-1.5 eV͒ estimated for CuGa 3 Se 5 ͑Refs. 7 8͒ and CuIn 3 Se 5 .
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As it can be observed in Fig. 4 , our results indicate a linearity in the compositional dependence of E 0 and E 1A , as well as some scattering in the E 1B values lying around 4.30Ϯ 0.15 eV ͑Table II͒. The exact character of the variation in E 1B versus the Ga content cannot be easily determined because such variation is quite small ͑about Ϯ4%͒ and the accuracy in the determination of the E 1B value is not high enough.
The optical parameters of interest, namely, the complex refractive index n ‫ء‬ , the normal-incidence reflectivity R, and the absorption coefficient a, have been computed using well known mathematical expressions ͑see Eqs. 5-7 in Ref. 7͒ . The spectral dependences of a, R, the real refractive index n, and the extinction coefficient k from the experimental data, as well as the calculated ones using the Adachi model and the SA algorithm for the three intermediate samples, are plotted in Figs. 5 and 6. Good agreement is observed for all the studied samples, and the obtained values of the interband CP parameters ͑strength, threshold energy, and broadening͒ are given in Table II . All these optical spectra were found to reveal distinct structures at these points.
The experimental refractive index n data have also been analyzed in the nonabsorbing region ͑0.8-1.167 eV͒ using a simple theoretical model, namely, the first-order Sellmeier equation [7] [8] [9] 14 
where A and B are the fitting parameters. The solid line in Fig. 7 
IV. CONCLUSIONS
The optical properties of several Cu͑In 1−x Ga x ͒ 3 Se 5 intermediate samples have been studied by SE. The spectral dependences of the real and imaginary parts of the complex dielectric function for several Cu͑In 1−x Ga x ͒ 3 Se 5 samples with x in the 0.39-0.69 range are modeled in the 0.8-4.7 eV photon energy range using a modification of Adachi's model for the complex dielectric function of semiconductors and the SA algorithm. An excellent agreement with the experimental data is obtained and the model parameters ͑strength, threshold energy, and broadening͒ have been determined. It has also been shown that both the fundamental gap E g and the E 1A values increase linearly with the Ga content. In addition, the complex refractive index, the extinction and absorption coefficients, and the normal-incidence reflectivity have been computed. Both spectral dependences of the optical functions and the CP analysis are expected to be useful in studies of solar cells and other heterostructures that contain these materials. 
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